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INTRODUCTION 

During June 1970, March-April 1971, and April 1972 the NASA CV-990 
research aircraft obtained extensive imagery and photography of the sea ice in 
the Beaufort Sea in conjunction with the three Arctic Ice Dynamics Joint Experi- 
ment (AIDJEX) pilot experiments. These data (Wilheit et al, 1972; Gloersen et 
al, 1973; Campbell et al, 1974) have shown that a wide variety of morphological 
and dynamical ice features can be observed by aircraft remote sensing and also 
found that data needed in developing and testing numerical models of the ice 
pack can be acquired by aircraft. These data also are of great aid in the inter- 
pretation of satellite images of sea ice, i.e., the high-resolution visible imagery 
obtained by LANDSAT-1 and the all-weather, day or night microwave imagery 
obtained by the ESMR {Electrically Scanning Microwave Radiometer) on 


NIMBUS-5. 
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In this paper, a more detailed analysis of some of the aircraft micro- 
wave data obtained during the AIDJEX 1972 pilot experiment is presented and 
compared with a recent analysis of the microwave brightness temperatures 
measured in situ in the vicinity of the main AIDJEX camp (Meeks et al, 1974). 

During April 1972, microwave and infrared data were obtained from 
the NASA CV-990 research aircraft over the Beaufort Sea ice from the shore- 
line of Harrison Bay northward to the AIDJEX experiment area (at an approxi- | 
mate latitude of 75°N and longitude of 150°N) and north of the test ares up toa 
latitude of almost 81°N. Over this north-south transect of the polar ice canopy, 
it was discovered that the sea ice could be divided into five distinct zones. The 
properties of each will be discussed in some detail below. Briefly, they are 
as follows: 

(1) First Zone: The shorefast sea ice, which will be referred to as 
the shorefast zone, was found to consist uniformly of first-year sea ice. . 

(2) Second Zone: A mixture of first-year sea ice, medium-size 
multiyear floes, and considerable thin ice and open water, which will be called 
the shear zone. 

(3) Third Zone: A mixture of first-year and multiyear sea ice which 
has a uniform microwave signature because the multiyear ice floes are smaller 
than the instantaneous field-of-view (IFOV) of the airborne radiometer. 

(4) Fourth Zone: A mixture of first-year sea ice and medium to large 


size multiyear floes which is similar in composition to the shear zone (second zone) 


(5) Fifth Zone: Almost exclusively multiyear ice extending to the 


North Pole, which will be called the polar ice zone. 


OBSERVATION METHOD 

The aircraft used in these studies was the NASA CV-990, which con- 
tained the complement of microwave, infrared, and photographic instruments 
listed in Table 1. The radiometric data were digitized and recorded in digital 
form on magnetic tape. Table 2 lists the seven aircraft flights made during the 
experiment. From the Alaskan coast up to a latitude of 74°N each of the seven 
missions was flown along the same meridians permitting formation of two 
parallel-track mosaic of the photographic and microwave data. These mosaics 
permitted observations of the ice dynamics and morphology between the coast 
and the AIDJEX area. The 100 km by 100 km remote sensing test area was 
always located so that the main AIDJEX camp area was near the southeast 
corner. In this way photomosaics and microwave image mosaics were obtained 
of the nearly same ice area each time which always included areas in which 
surface observations were being made during each flight. Since there was a 
general westward drift of the AIDJEX array averaging 6 km per day, the air- 
craft paths between 74°N and 75°N varied from one flight to the next. The 
flights were arranged to coincide with periods of pronounced ice dynamic activ- 
ity in the AIDJEX area. In particular, the goal was to obtain flights soon before 


and soon after the passage of cyclones near the test area. On one occasion, a 
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four parallel track pattern was flown so that the microwave mosaic could be 
extended from 75°N (near the main AIDJEX camp) to 80°45'N. The altitude 
flown for most of these missions was 11 km. On one occasion, a 14 track grid 
was flown at an altitude of 3 km to obtain a microwave image with higher spatial 


resolution. 


SEA ICE ZONES 

Line tracings of the radiometric brightness temperatures at wavelengths 
of 0. 8 cm and 1.55 cm from the north coast of Alaska up to 80° 45'N obtained in 
early April 1972 are shown in Figure l. It can Be seen that the shorefast zone 
(zone 1) is typified by uniformly high brightness temperatures, except for an 
open lead encountered about 25 km north of the shoreline. The shear zone 
(zone 2) generally displays as low a brightness temperature as for any sea ice 
type but also shows strong fluctuations. The average brightness temperature in 
zone 3 is between that of zones 1 and 2, and while reasonably uniform in appear- 
ance it still shows greater fluctuation than observed in zone 1. The boundaries 
of zone 4 are less distinct than those of the shear zone (zone 2) which has a 
similar composition, but the average brightness temperature of each zone is 
similar. The brightness temperature of the polar ice zone (zone 5) approaches 
a uniform low value. 

As can be seen in Figure 1, the radiometric signature of each ice zone 
is more pronounced at 0.8 than at 1.55 cm. In fact, at the longest wavelengths 
(2.8 cm and longer) the signatures (not shown) were observed to become less 
and less distinguishable. 

Zone 1 

In Figure 2, the data obtained by the 1.55 cm microwave imager are 
given in false-color format for each of the seven flights from the north shore- 


line of Alaska (Harrison Bay) to a latitude 74°N on the Beaufort Sea ice canopy. 


The shorefast ice shows a brilliant solid red color corresponding to a brightness 
temperature near 250°K. The brightness temperature is remarkably uniform 
within this band with the exception of occasional large open leads which lower the 
brightness temperatures. Also, the open lead signatures disappear on subsequent 
flights leaving no indication of their previous occurrence, It is interesting to 
note that the brightness temperature of this uniform ice is essentially identical 
to the brightness temperature of refrozen polynyas in the other test areas. Sur- 
face measurements were made at Harrison Bay and Kogru River on 25 April 1972 
to obtain physical properties of the shorefast ice. It was found that the shorefast 
ice, as expected, was entirely first-year ice covered by an average of 0.18 m of 
snow. The surface relief varied between 0.14-0.25 m giving the snow cover a 
wavelike appearance. Physical properties of typical ice samples from Harrison 
Bay and Kogru River are illustrated in Figure 3. 

Another notable property of the shoreline ice is its gradual reduction 
in extent over the 20-day period of the experiment. As Figure 2 shows, it 


became approximately 30 km narrower in that period of time. 


Zone 2 

Referring again to Figure 2, it can be seen that zone 2, the shear zone, 
is clearly delineated at both its southern and northern boundaries. Also, the 
width of zone almost doubles over the 20-day period of the flights as the ice 
flows westward. Three distinct form of ice appear: (1) There are large floes 


depicted by the cool radiometric signatures (blue) which are multiyear ice floes. 


The partially resolved open leads that occur also give a similar brightness 
temperature due to a combination of the radiometrically cold water signature, 
and the warm ice signature but they can be recognized by their lineal nature. 

(2) There are refrozen leads and polynyas with a warm brightness temperature 
similar to that of the shorefast ice. (3) Finally, there is the ice represented in 
the images as yellow, which is interpreted as a mixture of first-year ice and 
unresolvable chunks of multiyear ice. The transport of ice and refrozen polynyas 
through the area of the CV-990 flight paths can be measured from the successive 
microwave images. Figure 4 is a vector diagram showing the complex ice flow 
deduced by tracking recognizable ice features in the microwave images. The 
motion averages about 4 km a day to the west, although the motions are compli- 
cated by the alternating anticyclonic-cyclonic activity over the area during this 
period. This is somewhat lower than the average westward drift motion observed 
at the main AIDJEX camp (about 6 km per day) over the 20-day interval of the 


aircraft flights. 


Zone 3 

An early attempt (Campbell et al, 1974) was made to identify the nature 
of sea ice in the 100 km x 100 km AIDJEX '72 test area (which was in the third 
zone) from the aircraft radiometric data alone. Based on the uniform brightness 
temperatures in the test area, earlier evidence from the 1971 AIDJEX data 


(Gloersen et al, 1973), and lack of information on the scattering coefficient for 
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the snow and the temperature dependence of the emissivity of the sea ice, it 
was concluded that the test area consisted largely of first-year sea ice, perhaps 
as much as 85%. As a result of the higher resolution surface measurements 
(Meeks et al, 1974) by ground-based microwave radiometers, it was found that 
a much smaller 110 m x 110 m test area in the immediate vicinity of the main 
AIDJEX camp consisted both of first-year ice and small multiyear pieces of the 
order of ten meters in diameter. The percentage of multiyear ice in this smaller 
test area was 59% (Meeks et al, 1974). The aircraft radiometer, however, was 
only able to resolve multiyear pieces 500 meters or greater in extent from its 
normal flight altitude of 11 km. In fact, more small multiyear floes (approxi- 
mately 150 meters in extent or more) could be distinguished in the data obtained 
from the 3 km altitude test pattern (see Table 2), but the total area of these 
small floes was well under 59% of the total field of view. When the brightness 
temperature variations obtained on the surface are averaged, the surface-based 
radiometer readings agree with those obtained from the aircraft. Since this 
small area appeared to be typical of the ice within the larger AIDJEX test area, 
and since its average brightness temperature agrees with that of the area 
observed by aircraft, the ice of the third zone is probably composed of approxi- 
mately equal amounts of first-year and small multiyear ice floes. 

The drift tracks obtained by navigational satellite positioning of the 
three AIDJEX '72 campsites are given in Figure 5. It can be seen that the 


average drift is about 6 km per day, with surges occurring during and shortly 


after cyclone passages in nearby areas. The deformations that took place 

within the test area have been measured accurately by means of laser ranging 

and has been discussed elsewhere (Weeks et al, 1973). The absence of sufficiently 
large multiyear ice floes and well-defined refrozen leads within zone 3 prevented 
the deduction of the flow pattern from successive microwave images as was done 
for zone 2. Certain large refrozen polynya features, however, were noted near 
the main camp area and could be followed in the general westward drift of the 

test area. One such refrozen polynya, illustrated in Figure 6, was observed 
throughout the seven test days at about the same location in the image. Note 

that the images were geographically shifted to keep the main camp at approxi- 


mately the same position in the image. 


Zone 4 

The decision to carry out observations north of the AIDJEX test area 
was made as a result of reviewing early microwave mosaics of the AIDJEX 
test area. The conspicuous absence of resolvable multiyear floes in the AIDJEX 
area at the same latitude where very large (50 km diameter) multiyear floes 
were observed to the east a year earlier (Gloersen et al, 1973) led to the 
decision to fly a long transect deep into the Beaufort Sea gyre to locate the 
multiyear ice. The 1.55 cm microwave mosaic shown in Figure 7 was obtained 
on this flight. It covers a large area of the ice canopy, starting at the southern 


edge of the AIDJEX area and continuing to 80° 45'N latitude. The first resolvable 
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multiyear floes appeared at approximately 76. 45'N. A mixture of first year 
and multiyear floes similar to that of zone 2 (shear zone) was present and con- 
tinued up to 79°N. The similarity of zone 4 to zone 2 is further implied by the 
appearance of numerous refrozen polynyas. Although zone 4 was not mapped on 
each of the seven CV-990 flights during this period, it was partially observed on 
other missions during aircraft turns after each leg over the AIDJEX area, 
Visual observations therefore extended over the southern half of zone 4 during 
most flights, and revealed that the ice in the area was constantly undergoing 
deformations stronger than those observed in zone 3. Although zones 4 and 2 
were alike in morphology and also appeared to be the most active of the five 
zones, in the absence of any models which would predict a shear zone at this 


latitude we hesitate to call Zone 4 a second shear zone. 


Zone 5 
The fifth and northernmost ice zone observed was made up almost 
exclusively of multiyear ice floes. Figure 6 shows that north of 79°N Latitude, 
the ice canopy was almost exclusively multiyear ice floes. The largest floes 
observed were several kilometers in diameter, an order of magnitude smaller 
than the multiyear ice floes observed in the eastern Beaufort Sea during the 
1971 AIDJEX experiment and subsequent satellite studies (Ramseier et al, 1974). 


The variation of the size and distribution of ice floes in the Beaufort Sea and the 
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observed ice dynamics during the 1971 and 1972 AIDJEX experiment has been 
discussed éarlier (Campbell et al, 1974). It was found that all microwave observ- 
ations made during these experiments and later observations from the NIMBUS-5 
satellite (Gloersen et al, 1974) indicate that, as one proceeds northward from 
any point on the southern shore of the Beaufort Sea, once the predominantly 
multiyear ice (Zone 5) begins it continues up to the pole with only minor varia- 


tions in the ratio of multiyear to first-year ice. 


CONCLUSION 

The five zones of the sea ice discussed existed in the Beaufort Sea dur- 
ing April 1972. They are certainly not steady-state features of the sea ice 
cover in that region. Extreme seasonal variations are well known historically 
(i.e. by the time of the fall freeze, the only remaining ice is multiyear). How- 
ever, the five-zone districution is probably a recurring feature of the late fall, 
winter, and spring ice cover of the region. The NIMBUS-5 Electrically Scanned 
Microwave Radiometer (EMSR) has been providing synoptic 1.55 cm wavelength 
microwave images of this region since the December 1972 launch. Campbell 
et al, (1974) and Gloersen et al, (1974) give winter and spring 1973 images of 
the Beaufort Sea ice cover in which zones 3, 4 and 5 above can clearly be seen. 
Figure 7 shows an ESMR image of the Arctic for December 1973 in which zones 
3, 4 and 5 can also be clearly distinguished. Since the resolution of the 


NIMBUS-5 ESMR is only 30 km, zones 1 and 2 are difficult to recognize in the 
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ESMR images because the zones have widths that are only one or two resolution 
cells in size. A similar zonal structure is also seen in the Kara, Laptev, and 


East Siberian Seas. 
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Table 1 


IFOV | View Angle (from Nadir) | Sensitivity (AT,,.) 


21 cm radiometer 
6.0 cm radiometer 


2.8 cm radiometer 


1.55 cm scanner +50° to -50° 


cross-track 
0.81 cm radiometer 
10 wm radiometer 
RC-8 camera 


70 mm camera 


4-4-72 


4-77-72 


4-12-72 


4-15-72 


4-18-72 


4-21-72 


4-23-72 


AIDJEX Grid 
Size (km) 


130x130 
65x65 
130x130 
130x130 
60x640 
130x130 


130x130 


Table 2 


Altitude (km) 


# Tracks 
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Pattern Centered 
Over 


75. 7°N, 150.0 W 
75.1 N,148.7W 


75.7 N,151.0 W 


75.7 N,152.7 W 


77.9°N,151.2°W 
75.7 N,153.3 W 


75.7 N,153.3 W 


Figure 1: 


Figure 2: 


Figure 3: 


Figure 4: 


Figure 5: 


Figure 6: 


Figure 7: 
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FIGURES 


37 GHz and 19 GHz traces of microwave brightness temperature of 
sea ice observed from the north coast of Alaska to 80°45'N over the 


western Beaufort Sea in April 1972, 


Successive 19 GHz microwave brightness temperature mosaic images 
of the sea ice cover of the western Beaufort Sea (Harrison Bay to 


74°N), April 1972. 
Physical Properties of Zone 1 Ice. 


Ice floe trajectories deduced from the successive microwave mosaic 
images shown in Figure 2. Unlabelled numbers refer to dates in 


April 1972. 
Drift of three AIDJEX camps. 


Microwave mosaic image of the sea ice from the AIDJEX area to 


80°45'N for 18 April 1972. 


ESMP image of the Arctic on December 11, 1973. 
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